Background-We assessed geometric changes responsible for acute lumen loss at the left circumflex coronary artery (LCX) ostium after crossover stenting from the left anterior descending coronary artery (LAD) to the left main artery. Methods and Results-Twenty-three left main artery bifurcation lesions with a preprocedural angiographic diameter stenosis Ͻ50% at the LCX ostium were evaluated using prestenting and poststenting intravascular ultrasound pullbacks from both the LAD and the LCX. At the minimal lumen area (MLA) sites within the LCX ostium and at the LCX carina, the lumen, stent, plaqueϩmedia (PϩM), and external elastic membrane (EEM) areas were measured; the EEM eccentricity was calculated at the LCX carina. The change in MLA within the LCX ostium (⌬L), the change in EEM area at the MLA site (⌬V), and the change in PϩM area at the MLA site (⌬P) were calculated. The MLA within the LCX ostium significantly decreased from 5.4 mm 2 (first and third quartiles, 4.3 mm 2 , 7.2 mm 2 ) prestenting to 4.0 mm 2 (3.0 mm 2 , 4.8 mm 2 ) poststenting (PϽ0.001). The percent change in MLA within the LCX ostium correlated with changes in EEM eccentricity (rϭϪ0.414, Pϭ0.049) and percent change in EEM area at the MLA site (rϭ0.626, Pϭ0.001). A smaller distal carina angle between the LAD and the LCX before stenting was associated with a greater percent reduction in lumen (rϭ0.472, Pϭ0.023) and EEM (rϭ0.402, Pϭ0.048) after stenting. In 18 lesions with Ͼ10% reduction of MLA within the LCX ostium despite the lack of direct relationship between ⌬L and ⌬P at the MLA site, ⌬P closely correlated with the ratio of ⌬V to ⌬L (rϭϪ0.953, PϽ0.001), suggesting that an increase in plaque at the LCX ostium contributed to the MLA loss relative to the decrease in EEM area. Conclusions-Lumen loss at the LCX ostium frequently occurred after crossover stenting from the distal LM to the LAD.
A lthough drug-eluting stent implantation for unprotected left main coronary artery (LM) stenosis is evolving into a feasible therapeutic alternative to bypass surgery, stenting lesions at the distal LM bifurcation location remains a challenge and a major determinant of adverse outcomes whether using a 1-stent or 2-stent approach. [1] [2] [3] In particular, when using a 1-stent crossover technique, there are 2 suggested mechanisms of acute luminal loss at the ostium of the left circumflex-carina shift versus plaque shift. 4 -7 Intravascular ultrasound (IVUS) provides unique insights into the extent and distribution of coronary atherosclerosis preintervention and has been used to assess mechanisms and complications of stent implantation. The aims of the current IVUS study were to use prestent and poststent implantation IVUS imaging of both the left anterior descending coronary artery (LAD) and the left circumflex coronary artery (LCX) to assess and predict the geometric changes that are responsible for acute lumen loss at the LCX ostium after implanting a stent from the LAD to the LM (ie, the single-stent crossover technique) to treat a distal LM bifurcation stenosis.
Clinical Perspective on p 361

Methods Subjects
Between June 2009 and June 2010, 97 patients who had a preprocedural angiographic diameter stenosis (DS) Ͼ50% of the distal LM and underwent percutaneous coronary intervention with a singlestent crossover technique from the LAD to the LM were prospectively enrolled. IVUS imaging of LAD and LCX both preprocedure and poststenting (immediately after crossover stenting from the LAD to the LM) was successfully performed in 33 patients. We excluded visible thrombus-containing lesions, the lesions with predilation of LCX before preprocedural IVUS, and LCX balloon inflations at any time before poststenting LCX pullback IVUS. Finally, 23 lesions in Using an intravascular ultrasound frame of the LCX carina, ␣ was defined as EEM diameter along the axis through the centers of both LAD and LCX lumens, and ␤ was defined as EEM diameter perpendicular to the axis of ␣. EEM eccentricity index was calculated as ␤/␣. LAD indicates left anterior descending coronary artery; LCX, left circumflex coronary artery; LM, left main artery.
Figure 2.
The LCX pullback intravascular ultrasound prestenting (A) and poststenting (B). After crossover stenting from LAD to LM, percent change in EEM area (red) was Ϫ38%, and percent change in lumen area (yellow) was Ϫ47%. However, the change in PϩM area was not remarkable (2.08 mm 2 prestenting to 2.03 mm 2 poststenting). The longitudinal image reconstruction demonstrated carina shift into the LCX poststenting (arrows). EEM indicates external elastic membrane; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; LM, left main artery; PϩM, plaque plus media. 23 patients were analyzed. We obtained written informed consent from all patients, and the ethics committee approved this study.
Angiographic Analysis
Qualitative and quantitative angiographic analysis was done by standard techniques with automated edge-detection algorithms (CASS-5; Pie Medical Imaging; Maastricht, The Netherlands) in the angiographic analysis center of the CardioVascular Research Foundation, Seoul, Korea. 8 -10 The Medina classification was used to describe the location and distribution of lesions at the LM bifurcation. 11 The angle between the proximal LM and the LCX (proximal carina angle) and the angle between the LAD and the LCX (distal carina angle) were measured before and after stenting ( Figure 1A ). The measurement was performed in the angiographic view in which the foreshortening of the 3 segments was minimal. 7, [12] [13] [14] 
IVUS Imaging and Analysis
IVUS imaging was performed after intracoronary administration of nitroglycerin 0.2 mg using motorized transducer pullback (0.5 mm/s) and a commercial scanner (Boston Scientific/SCIMED; Minneapolis, MN) consisting of a rotating 40-MHz transducer within a 3.2-F imaging sheath. Although a wire in the LCX was kept in place during stent deployment in the LAD at the operator's discretion, the jailed wire in the LCX was removed before LCX pullback IVUS. Using computerized planimetry (EchoPlaque 3.0; Indec Systems; Mounta-inView, CA), offline IVUS analysis was performed in the IVUS core laboratory of Asan Medical Center (Seoul, Korea).
The carina was identified as the frame immediately distal to the take-off of the side branch. 15 Four segments of the LM bifurcation preintervention were defined using LAD pullback and LCX pullback. From the LAD pullback, the following were identified: (1) ostial LAD (3 mm distal to the carina), (2) polygon of confluence (confluence zone of LAD and LCX on longitudinal IVUS image reconstruction in parallel with the quantitative coronary angiography-based definition suggested by Ramcharitar et al 12 and modified for IVUS analysis 16 ), and (3) distal LM (3 mm just proximal to the polygon of confluence). Separate from the LCX pullback, the ostium of the LCX (3 mm distal to the carina) was defined. At the minimal lumen area (MLA) site within each of these 4 segments, the lumen, stent, plaque plus media (PϩM), and external elastic membrane (EEM) areas were measured by 2D planimetry. Plaque burden was calculated as PϩM/EEMϫ100 (%). At the LCX carina, ␣ was defined as the EEM diameter along the axis through the centers of both the LAD and the LCX lumens, and ␤ was defined as the EEM diameter perpendicular to ␣. EEM eccentricity index was calculated as ␤/␣ ( Figure 1B ). Poststenting these 4 segments was identified in parallel with the preprocedural IVUS analysis, and both the minimal stent area within each segment and the stent, lumen, and EEM areas at the LCX ostium and carina were measured ( Figure 2 ). 16
Statistical Analysis
All statistical analyses were performed using SPSS version 10.0 (SPSS Inc; Chicago, IL) software. All values are expressed as the median value (first and third quartiles) for continuous variables or as counts and percentages for categorical variables. Continuous variables were compared by use of the nonparametric Mann-Whitney test, and Wilcoxon signed rank test was used to compare prestenting and poststenting continuous variables. Spearman rank correlation method was applied to estimate correlations between continuous variables. PϽ0.05 was considered statistically significant.
Results
The baseline clinical and procedural characteristics are summarized in Table 1 . The angiographic data are shown in Table  2 . All lesions had a preprocedural angiographic %DS Ͻ50% at the LCX ostium. The median acute change (prestent versus poststent implantation) in %DS of the LCX ostium was 11.7% (Ϫ3.2% to 18.0%). The Medina classifications were 1,1,0 in 65%, 1,1,1 in 18%, 1,0,0 in 9%, and 0,1,0 in 8%. All lesions had thrombolysis in myocardial infarction grade 3 flow at the LCX ostium before and immediately after stent implantation. There were no angiographic dissections at the LCX ostium during the procedure.
Prestenting Versus Poststenting Angiographic and IVUS Findings
Overall, 19 (83%) of LCX ostia had an MLA Ն4.0 mm 2 preintervention, and 11 (48%) had an MLA Ͻ4.0 mm 2 poststenting. The median values of change in MLA within the LCX ostium and change in LCX carina area were Ϫ1.4 mm 2 (Ϫ2.0 mm 2 , Ϫ0.6 mm 2 ) and Ϫ1.6 mm 2 (Ϫ2.7 mm 2 , Ϫ0.9 mm 2 ), respectively. Preprocedural IVUS MLA did not correlated with the angiographic %DS at the LAD ostium (rϭϪ0.332, Pϭ0.122), at the LCX ostium (rϭϪ0.161, Pϭ0.463), or at the distal LM (rϭϪ0.202, Pϭ0.356). Moreover, the percent change in MLA at the LCX ostium from preintervention to poststent implantation showed no relationship with the change in angiographic %DS (rϭϪ0.206, Pϭ0.347). The percent change in MLA within the LCX ostium and the percent change in LCX carina area were Ϫ20.2% (Ϫ38.7%, Ϫ14.3%) and Ϫ30.9% (Ϫ40.2%, Ϫ15.0%), re-spectively. The percent change in MLA within the LCX ostium significantly correlated with the changes in EEM eccentricity index (rϭϪ0.414, Pϭ0.049) (Figure 4 ) and percent change in EEM area at the MLA site (rϭ0.626, Pϭ0.001). Similarly, the percent change in lumen area at the LCX carina correlated with changes in EEM eccentricity index (rϭϪ0.388, Pϭ0.050) and percent change in EEM area at the LCX carina (rϭ0.680, PϽ0.001).
Mechanisms of Luminal Loss of the LCX Ostium
A reduction of MLA within the LCX ostium Ͼ10% was observed in 18 (78%) lesions, all of which had a decrease in EEM area. The change in MLA within the LCX ostium (⌬L) positively correlated with the change in EEM area at the MLA site (⌬V) (rϭ0.670, Pϭ0.002) ( Figure 5 ) and negatively correlated with the change in EEM eccentricity index at the LCX carina (rϭϪ0.591, Pϭ0.010). Despite the lack of direct relationship between ⌬L and the change in PϩM area at the MLA site (⌬P) (rϭϪ0.099, Pϭ0.696), ⌬P closely correlated with ⌬V/⌬L (rϭϪ0.953, PϽ0.001), suggesting that an increase in plaque at the LCX ostium contributed to 
Correlates of Luminal Loss at the LCX Ostium
Treatment and Clinical Follow-Up
There were 10 (43%) lesions treated with kissing balloon inflations without stent implantation at the LCX. Clinical follow-up was performed in all patients at 12.8Ϯ5.1 months. One patient underwent target lesion revascularization because of restenosis of the LCX, and there was no death or myocardial infarction during the follow-up period.
Discussion
The major findings of this study are as follows: (1) Although most distal LM bifurcation lesions had only a mild stenosis of the LCX ostium prestenting, 78% showed a Ͼ10% reduction of MLA within the LCX ostium after crossover stenting from the LAD to the LM; (2) carina shift was the primary mechanism of ostial LCX lumen loss, and plaque redistribution was present but in fewer than half the lesions with a Ͼ10% reduction of MLA within the LCX ostium; and (3) narrow carina angle between the LAD and the LCX and wide carina angle between the LCX and the LM were associated with a greater lumen area loss at the LCX carina. A decrease in EEM area with EEM geometric change in most cases represented that the main mechanism of lumen area loss at the LCX ostium was carina shift during crossover stenting. Nevertheless, in the subgroup of lesions with ⌬V/⌬L Ͻ1 (fewer than half the lesions with a Ͼ10% reduction in MLA at the LCX ostium), plaque redistribution also contributed to lumen area loss. Even though several studies reported the concept of carina displacement as the main mechanism of side branch compromise, few data demonstrate the geometric changes in LCX ostium by comparing prestenting and poststenting LCX pullback IVUS. 4 -7 Previous studies used angiographic %DS to quantify the severity of LCX ostial stenosis. However, we found that the preprocedural angiographic %DS did not correlate with the IVUS MLA at the LCX ostium. Moreover, percent change in MLA at the LCX ostium did not correlate with the change in angiographic %DS. Furthermore, Oviedo et al 17 showed that the LCX ostium cannot be assessed tangentially from LAD to LM on IVUS pullback. Thus, the assessment of LCX ostium by direct LCX pullback is necessary to accurately evaluate LCX ostial stenosis in LM bifurcation lesions and the mechanisms of lumen loss during stent implantation.
The current study clearly demonstrated the morphological changes in LCX ostium using both LCX and LAD pullbacks before and after crossover stenting. Although preprocedural LCX ostial stenosis was not significant in most of these lesions, half showed a poststenting MLA within the LCX ostium Ͻ4.0 mm 2 , with a significant decrease in measured MLA as the result of crossover stenting.
Because all lesions with a Ͼ10% reduction of MLA within the LCX ostium had a decrease in EEM area, carina shift (reduction in EEM associated with a more eccentric EEM shape) was the general mechanism of lumen loss at the LCX ostium during crossover stenting. In addition, because of the linear correlation between ⌬V/⌬L and ⌬P, in a minority of lesions, plaque redistribution was superimposed on the geometric changes in size and shape of the EEM to contribute to LCX ostial lumen loss.
Gil et al 4 reported that a smaller distal carina angle predicted higher side branch compromise and major cardiovascular events at 1-year follow-up in patients with bifurcation lesions treated with a single main-vessel stent (crossover technique). The current data were consistent and extended these observations in that a smaller distal angiographic carina angle prestenting was associated with a much greater percent reduction in lumen area of the LCX carina poststenting because a smaller distal carina angle was a predictor of carinal shift, the main mechanism of lumen loss during crossover stenting.
Limitations
First, the current study evaluated selected lesions with normal or only mild stenosis at the LCX ostium prestenting. Although side branch pullback IVUS is essential, prestenting and poststenting assessment of the LCX ostium by direct LCX pullback was limited in many real-world cases because of the technical difficulty in passing the guidewire and then the IVUS catheter into the side branch through the tight lesions (before percutaneous coronary intervention) or stent struts (after percutaneous coronary intervention), especially when the turn into the LCX stenosis is tight. Nevertheless, if LCX pullback is successfully performed, it will provide useful information for the true severity of LCX ostial stenosis and the mechanism of LCX area change, particularly in the cases with side branch compromise after stenting. Second, physiological assessment of the LCX using fractional flow reserve was not performed. Therefore, we could not confirm the relationship between anatomic change of the LCX ostium and functional significance. Third, because of the lack of the follow-up data, the current study did not address the relationship of these IVUS findings to long-term clinical outcomes. Finally, the carina angle was obtained by quantitative coronary angiographic measurement. Even though the values were determined using multiple angiographic views after averaging several measurements, the 3D reconstruction by other modalities may be more accurate.
Conclusions
Lumen loss of the LCX ostium frequently occurs after crossover stenting for distal LM bifurcation lesions. Carina shift may be a main mechanism of lumen loss within the LCX ostium and was associated with a narrow distal angle between the LAD and the LCX and a wide proximal angle between the LCX and the LM. In a minority of patients, plaque redistribution may be superimposed on carinal shift to contribute to LCX ostial lumen area loss.
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